Abstract-A three-dimensional (3-D) model has been developed for the investigation of the coupling of the lowest symmetric and asymmetric modes in a high-power, high-efficiency traveling-wave amplifier. We show that in a uniform structure and for an initially nonbunched beam, the interaction efficiency of the asymmetric mode may be much higher than that of the symmetric mode. It is also shown that the coupling between these two modes is determined by a single parameter that depends on the beam characteristics; its value varies between zero when no coupling exists and unity in case of maximum coupling. For a beam that is uniform at the input end, this parameter varies linearly with the guiding magnetic field. In case of a bunched beam, it decreases linearly with the increasing phase-spread of the bunch. Because of the interaction, the radius of the beam increases linearly with the power associated with the asymmetric mode at the input end; it increases rapidly in the case of an initially uniform beam relative to the case of a prebunched beam. Selective damping to suppress the asymmetric mode is described and analyzed.
The Interaction of Symmetric and Asymmetric Modes in a High-Power Traveling-Wave Amplifier
I. INTRODUCTION

I
N THE recent years, a significant amount of experimental and theoretical effort has been directed toward generation of high-power, high-efficiency microwave in various laboratories, universities, and industries around the world (SLAC [1] - [3] , CERN [4] , KEK [5] , LLNL [6] , NRL [7] - [9] , IAP [10] , [11] , US-Air Force Labs. [12] , University of Maryland [13] , Cornell University [14] - [22] , CPI, Litton, Thomson [23] , HRC [24] - [26] , Omega-P [27] , FMT [28] , and others). Many efforts have been directed toward improving the systems' efficiency and at the same time increasing their operation frequency. These two goals set a significant challenge, in particular, in the case of a traveling-wave output structure that usually consists of a set of coupled cavities and an output arm, driven by an initially bunched beam [29] . Its advantage may be attributed to the distributed interaction along one or more radiation wavelengths, but at the same time, its drawback is its scaling with frequency that in an ordinary system is similar to that of klystrons.
Most of the experimental and theoretical efforts in the last decade were directed toward X-band operation [1] - [3] , [5] , [24] , [25] , [30] - [35] ; however, the demand for high gradients at higher and higher frequencies for the next linear collider (NLC) pushes the operating frequency toward the Ka-band (e.g., 35 GHz), and as a result, this study focuses on this frequency regime [36] - [38] . The same trend is also motivated by a military need to deposit a large amount of energy in a relatively small area far away from the source-obviously, this ability is improved at higher frequencies.
Theoretical analysis [36] and preliminary experimental studies [37] indicated the feasibility of a 35-GHz traveling-wave amplifier based on a set of coupled cavities when only the symmetric mode was considered. We found that the difficulty with the scaling up the frequency is associated with beam power requirements. In order to benefit from the frequency increase, the rf power has to remain the same as in X-band; therefore, assuming similar efficiencies, the power carried by the beam has to be virtually identical. However, the scaling up in frequency dictates that the internal radius of the structure should scale down inversely proportional to the increase in frequency. This implies a similar change in the radius of the beam, which is difficult to envision because it entails an increase by a factor of 10 in the current density (assuming we preserve both the diode voltage and current). Although improving the cathode's material so that it withstands higher current density may result in a slightly higher current, the main alternative is a higher (electrostatic and magnetic) compression ratio. Yet, at several hundred amperes, it is difficult to envision an increase by an order of magnitude in the existing ratio. Even if this was possible, the problem of the magnetic field's necessity to guide the beam and the latter's expansion in the interaction process still remains [38] . In order to have some feeling regarding the implications of these constraints, consider an X-band structure (say, 35/3 11.66 GHz) that may have a typical internal radius of 7 mm when driven by a beam of 3-mm radius. Requiring equal power levels carried by the beam for a system operating at Ka-band (35 GHz) and adopting the frequency scaling, which entails a beam of 1-mm radius, the necessary compression ratio should be increased by nine. As indicated, we belive that this may prove to be very difficult for a realistic device. A compression by a factor of two is feasible, thus implying a 2-mm radius for the beam. Moreover, to allow sufficient gap between the beam and the structure (for beam expansion), an internal radius of 3.5 mm for the structure seems to be a reasonable choice. This radius is almost by 50% larger than the simple frequency-scaling criterion implies.
0093-3813/00$10.00 © 2000 IEEE Its implications on the operation of the symmetric transverse magnetic (TM) mode are high group velocity and low interaction impedance; these implications were discussed in [36] , where the one-dimensional (1-D) macro particle approach was extended to two-dimensional (2-D), i.e., longitudinal and radial motion.
An additional implication of relatively large internal radius is proximity of other modes, in particular, of the asymmetric modes, to the TM -mode. Although in principle both the slow wave structure and its driving beam are azimuthally symmetric, asymmetry in the system may occur either because of the input or the output arm, uneven azimuthal electron distribution, or beam misalignment. A longitudinally modulated beam may couple energy from the main interacting symmetric mode to an asymmetric mode because of any of these mechanisms. Such modes are a linear combination of both TM and transverse electric (TE) modes, and for this reason, they are called hybrid electric and magnetic (HEM) modes; cold electromagnetic calculations indicate that the larger the internal radius of the structure, the bigger the frequency range where the lower symmetric and asymmetric modes overlap. From the perspective of the interaction with the electrons, the main problem with an asymmetric mode is that it has a nonzero TM field on axis, and as a result, electrons that move at relativistic velocities in the longitudinal direction may be deflected toward the structure. This effect is well known in the accelerator community [39] - [41] under the name of beam break-up (BBU), and substantial efforts are directed for its suppression in the NLC's acceleration structure [42] .
Recently, pulse shortening was observed in high-power traveling-wave amplifier experiments conducted at Cornell University [43] , and this triggered the current study in which we examine to what extent the HEM-mode contributes to the beam deflection to the wall in an amplifier. The build-up of asymmetric modes as a very narrow bunch traverses an acceleration structure was analyzed, but to the best of our knowledge, no equivalent analysis corresponds to a traveling-wave amplifier, where several major differences exist: each bunch in an amplifier is of the order of the wavelength, whereas in an accelerator, the bunch is at least ten times smaller. The transverse size of the beam in an amplifier is several millimeters larger than it is in an accelerator. In an amplifier, collective effects play a dominant role in the interaction and a guiding magnetic field exists-neither of the two exist in an accelerator. The interaction length is much shorter and the group velocity much higher in an amplifier compared with an accelerator; moreover, in the present analysis, the group velocity in the amplifier is assumed to be positive, whereas in an accelerator, this is in many cases negative. Finally, the number of bunches (pulse duration) in the interaction region is much larger in the case of an amplifier.
In this study, we investigate several aspects associated with the operation of a high-power traveling-wave amplifier operating at 35 GHz, also taking into consideration the lowest asymmetric mode. For this purpose, we have developed a quasi-analytic three-dimensional (3-D) model of the interaction of an ensemble of electrons with symmetric and asymmetric modes, specifically with TM and the low branch of HEM . Within the framework of this model, the full 3-D motion of the particles Fig. 1 . Typical configuration of traveling-wave structure. R ; R are the disk internal and external radii, respectively. L is the structure periodicity, and is the disk thickness.
is calculated; however, their effect on the electromagnetic field is assumed to be only in the longitudinal direction (1-D). Additional assumptions of the model include positive group velocity of both modes, their basic functional form is preserved, the energy conversion is primarily controlled by the longitudinal motion, and no electrons are reflected. Our first step is to compare the impact of the asymmetric modes on the electrons' dynamics of two amplifiers, one driven by a uniform beam and the other by a (longitudinally) bunched beam. It is shown that the sensitivity of the former to the presence of the HEM is higher. Secondly, we investigate the impact of the HEM on the system's performance in both ways of excitation. Specifically, we check the sensitivity of the system to its main parameters, such as guiding magnetic field, beam's properties, and the power level of the HEM at the input. The extent the HEM -mode is destructive is quantified by the increase in the effective radius of the beam. In the last stage, we present a way for suppressing the HEM -mode.
II. DYNAMICS OF THE SYSTEM
A uniform beam or an initially bunched beam, generated by either a series of cavities (klystron) or a slow-wave structure, is injected into a uniform disk-loaded periodic structure like the one illustrated in Fig. 1 . The structure is designed so that the phase velocity of the interacting wave that is injected into the structure or generated by a bunched beam is synchronized to the average velocity of the electrons. The main interacting wave is the TM -mode, but as mentioned in the introduction, because of asymmetries of the structure or the beam, we assume that one asymmetric mode may develop. Moreover, when we refer in what follows to a prebunched beam, we assume axial bunching but uniform azimuthal distribution of particles. According to the dispersion curves [44] , the closest asymmetric mode to the TM that may interact with the beam is the low branch of the HEM -mode. In the beam absence, all components of the electromagnetic field of both modes may be derived from the longitudinal components given by (1) In these expressions, are the wavenumbers of both modes that are assumed to correspond to a phase velocity smaller than ; index represents the TM -mode, and index represents the HEM -mode; ; ; arctan , and is the modified Bessel function of the first type and order . Within the framework of the 3-D model, we make two basic assumptions: first, it is assumed that the effect of the beam on the electromagnetic field is only in the longitudinal direction, and second its functional form is preserved. In addition to the rf field, a dc guiding magnetic field is assumed to be uniform in space. Another component of the electromagnetic field that acts on the electrons is caused by the dc collective effect of the electrons in the beam. In the absence of the radiation field, we may assume that the electron beam is uniformly distributed in the transverse directions. Its density, denoted by , generates an electrostatic field that in turn affects the motion of each electron; this field is given by (2) Furthermore, because the average velocity of the beam is , the magnetic field associated with this motion in the beam domain is given by (3) Consequently, the total electromagnetic field is composed of three components, the rf field, the dc collective field, and the magnetic guiding field (4)
A. Transverse Motion
From these expressions, we can readily determine the equations of the transverse motion of the th electron; they are given by (5) where , , , and are the transverse forces associated with the rf and dc electromagnetic fields, respectively. Based on (4), these forces are given by (6) where and is the plasma angular frequency.
In the expression for the rf forces, the second term may be neglected because the amplitude of all rf components are of the same order and for most practical purposes (7) The transverse components of the rf electromagnetic field can be deduced from the Maxwell equation, and they are presented explicitly in the Appendix in terms of the amplitudes defined in (1). Equation (5) together with (6), (7), and (A.1)-(A.4) determine the transverse motion of the electrons in the presence of the electromagnetic field.
B. Poynting Theorem
After establishing the equations that determine the dynamics of the particles, we shall consider their effect on the dynamics of the rf field. Within the framework of the present model, we ignore the direct effect of the transverse motion on the energy exchange, and consequently, we shall consider only the longitudinal current density given by (8) where
, and are the radial, azimuthal, and longitudinal location of the th electron at any instant ; this assumption is consistent with the approximation described in (7). Thus, bearing in mind that the system operates in steady state and assuming that it remains in a linear regime (single frequency) at all times, the average power in each mode is determined by (9) where the integration is over the cross section cs of the wave guide and is the total power flow in each one of the modes. At this point, we introduce the concept of the interaction impedance that relates the average power flowing in the system, carried by the specific mode, with the amplitude of the longitudinal electric field (of the same mode), namely (10) where is the internal radius of the disk-loaded structure. As already indicated, the interaction of both modes with the electrons is via longitudinal oscillations; in other words, this motion is the one that directly controls the interaction; however, indirectly, the transverse motion has a significant impact on the interaction because variation in the transverse location of the particles affects the interaction impedance and, thus, the coupling of the beam with the electromagnetic field. Based on these arguments and relying on (9), we conclude that the energy stored in the symmetric mode is determined only by the symmetric current density, and therefore, the amplitude dynamics equation for the TM -mode is given by (11) where we have integrated over time and beam's radius and denoted by the number of particles in one period of the wave , represents the time it takes the th particle to reach the point , and is the radial location of the same particle at .
We proceed by identifying the average current in one period of the wave as and adopting a complex notation, namely,
. With this notation, the dynamics of the (complex) amplitude of the rf field as well as that of the phase, , of the th particle relative to the TM -mode, is given by (12) In a similar way, we may deduce the amplitude and the phase dynamics equation for the HEM -mode; the result is (13) where is the azimuthal location of the th particle. It is obvious from the amplitude equations that the coupling between the beam and the modes is controlled by the product , where is a "beam" term and is an "electromagnetic" term.
C. Energy Conservation
Following similar arguments as above, we may simplify the single particle energy conservation to read (14) and using the complex notation previously introduced above, the single particle energy conservation may be written as follows:
c.c. (15) where rather than following the particles in time, we follow them in space, c.c. indicates the complex conjugate of the expression to the left bracket, and the relativistic factor is related to the transverse and longitudinal velocities by . In order to summarize the equations that describe the dynamics of the system, it is convenient to introduce a set of normalized quantities. We start by assuming that the interaction length is , which allows us to determine the normalized coordinates , , and as a result, the normalized radial location is . The normalized field amplitude of the TM is denoted by , whereas that of the HEM by . Based on these definitions, the normalized coupling coefficients are (16) and we define , , and ;
is the radius of the beam at the input where it was injected. The normalized momentum , , and and the normalized rf forces are defined as follows: (17) where , , and . With these definitions, we are now in position to summarize the equations that describe the dynamics of the system; these read c.c.
(18)
Before we proceed to an analysis of the numerical solution of this set of equations for a practical system, it is important to point out that the approximations involved do not affect the global energy conservation. The latter is obtained by averaging the single particle energy conservation [fourth line in (18)] and substituting the equation for the expressions for the amplitude dynamics (first and second lines) (19) III. SIMULATIONS RESULTS AND DISCUSSION Before introducing any of the simulations results, we would like to evaluate the spatial growth in the system. Based on (18) , the spatial growth of the system may be deduced by taking twice the derivative of the amplitude equation and substituting in the equation of the motion; the result is (20) where and the terms where the phase varies rapidly were neglected. Ignoring the two "noise" terms in the right-hand side of both equations, we may calculate the eigenwavenumber of the coupled system by assuming solutions of the form and ; hence (21) As clearly revealed by this matrix, the term represents the coupling between the cold-structure eigenmodes (TM and HEM ). From its definition, it is realized that is determined by the correlation between the two phases and by the correlation of the azimuthal, radial, and momentum distribution of the electrons. When the coupling between the modes is zero, each one of the modes (TM and HEM ) develops independently according to and , respectively, where . The coupling between the TM and HEM is controlled by a single parameter (22) because the solution of the coupled system can be determined from , where
In these expressions, corresponds to the HEM -like solution because at the limit , , whereas corresponds to the TM -like solution.
The solid lines in Fig. 2 illustrate the variation of the spatial growth per cell, , as a function of the parameter . The parameters in this simulation are A, kV, mm, mm, mm, mm, GHz, GHz, , k , and it was assumed that the electrons have a vanishingly small velocity spread. When the modes are completely correlated , the spatial growth of the HEM -like mode is zero, whereas the TM -like is slightly larger than is the case when no coupling occurs . Although the HEM -like wave becomes unimportant, we have to remember that the TM -like mode is not a pure TM -mode but rather a linear superposition of TM and HEM ; therefore, the impact of the HEM's components are destructive because they have the same spatial growth as the pure TM as they share the same eigenwavenumber.
In order to illustrate the impact of the coupled modes on the beam, we consider next the 3-D model to examine the development of the beam expansion. The first step is to compare the amplifier's performance with the asymmetric mode on and off. In all of the simulations that follow, we will discuss two different ways to drive the system. A TM -wave at 35 GHz is injected into the structure, and it interacts with a uniform electron beam, or a bunched beam is injected into the structure, and no TM is explicitly launched; the beam modulation corresponds to the frequency of the TM -mode. The beam expansion is described by the effective radius of the beam, defined as ; this definition complies with the result of uniform beam because . Fig. 3 shows the effective radius of the beam's envelope for both ways of driving the system and for two different guiding magnetic fields . Each frame consist of two curves describing the effective radius of the beam for both cases, when the HEM mode is turned on and off; the HEM power at the input end is 0.5 MW. The parameters used in this simulation are identical to those used in the calculation of the growth rate mentioned above and in addition cm for bunched beam ( ) and cm for uniform beam. Throughout this study, the simulation is terminated if one particle reaches the internal radius of the structure; the location where this occurs is denoted by . As revealed by these frames, three facts are evident. First, the relative impact of the HEM-mode on the transverse motion of the beam is more critical for uniform beam ( 50% variation) than that for bunched beam in relative length terms; the absolute interaction length is longer in the case of the uniform beam. The length in both cases was chosen such that the interaction reaches saturation at the end of the structure. Second, when the HEM-mode is turned on, the simulation is terminated before the end of the structure; accordingly, the interaction process will be less efficient than when the HEM-mode is turned off. Third, even if the guiding magnetic field is very strong (1.5 ), the impact of the HEM-mode is still considerable, especially for a uniform beam.
In order to have a better understanding of the system's dynamics, as revealed in part by Fig. 3 , let us start and examine closely the sensitivity of the transverse motion of the beam to four main parameters of the system: HEM power level at the input, magnetic guiding field, beam's modulation, and beam's current. We are interested in three quantities that characterize the performance of the system: the effective radius of the beam ( ), the coupling parameter ( ), and the efficiencies of the modes defined as (24) Because the interaction does not always reaches the output end, it is convenient to define normalized efficiencies of both modes as the efficiency in the actual interaction length (25) Next, we shall describe separately the impact of the asymmetric mode on beam's expansion for a uniform and for a bunched beam.
A. Uniform Beam
For testing the impact of the asymmetric mode on the dynamics of the electrons beam, we first investigate its build-up along the system. As already indicated, the latter may be initiated either by an asymmetry of the beam or of the structure, it may grow from noise, or it may develop from beam misalignment. Once initiated, the asymmetric mode starts to bounce between the two ends of the structure because in general [13] , the latter is tuned to allow the symmetric mode to leave the system, but not necessarily the asymmetric mode. We introduce now the overall reflection coefficient ( ) that represents the product of the reflections from both ends of the interaction region, the phase shift during one round trip and the attenuation associated with ohmic or other losses [13] , [16] , [17] . As this reflection coefficient is larger, the more rapid the build-up of the parasitic mode. Because a realistic beam pulse lasts for several hundreds of nanoseconds, time exists for several thousands of round-trips; thus, we shall consider in what follows a relatively large reflection coefficient ( ) to reduce the number of round-trips the build-up occurs; the overall reflection coefficient of the symmetric mode is assumed to be zero. Fig. 4 shows the build-up of the HEM power at the input versus the normalized location at the structure, wheras the number of round-trips is a parameter. The left frame shows the build-up of the power in the asymmetric mode for an overall reflection coefficient of ; in the right frame, . In both frames, the TM power at the input is 5 kW and the guiding magnetic field is . This simulation result indicates that for a sufficiently high overall reflection coefficient, the asymmetric mode may reach very high power levels (100 MW) after a small number of round trips (4), (5) . For a smaller value of , the build-up will occur on a longer time scale. The threshold for this phenomena is when the product of the one-pass gain of the asymmetric mode and the overall reflection coefficient equals unity; for values smaller than unity, no asymmetric mode will develop in the system [29] .
Let us now examine more closely the interaction during a single-pass for a variety of HEM power levels at the input and different values of the guiding magnetic field. Fig. 5(a) shows the normalized efficiencies of both modes versus the guiding magnetic field. The input power of the TM -mode is 5-kW, and that of the asymmetric mode is 0.5-MW. This choice of the HEM power at the input is a byproduct of two constraints: first, we have just showed that for relatively high overall reflection coefficient (0.8-0.9), this power level is reasonable, and second, we intend to keep the numerical noise of the 10 000 particles to minimum and examine the impact of the HEM-mode on the interaction during one round-trip of the wave. Several results are evident, the normalized efficiency of the asymmetric mode is almost one order of magnitude higher than that of the symmetric mode; this is because intentionally the input power of the asymmetric mode was chosen to be two orders of magnitude larger than that of the symmetric mode to illustrate a possible scenario of a trapped mode. For high values of the guiding magnetic field, the normalized efficiency of both modes reaches high values because the simulation termination point is closer to the end of the structure because of the better confinement of the beam. Fig. 5(b) illustrates the coupling parameter versus the guiding magnetic field for several initial power levels of the asymmetric mode. As revealed by this graph, the coupling parameter varies monotonically as a function of the guiding magnetic field. For a specific magnetic field, the coupling parameter is higher when power of the HEM -mode at the input is smaller. Fig. 5(c) and (d) show the impact of the input power of the asymmetric mode on the interaction length. As we may anticipate, the length of the interaction is inversely proportional to the HEM power level at the input-see Fig. 5(c) . Accordingly, Fig. 5(d) illustrates the expansion of the beam when the power level of the asymmetric mode at the input gets higher. Next, we examine more closely the dynamics of the particles. Fig. 6 illustrates the phase-space distribution at the input and . Fig. 6(a) describes the phase-space at the input ( ), where the clusters are uniformly distributed in the domain and . The phase-space at the input is identical for both cases considered (HEM on or off). Fig. 6(b) shows the phase-space distribution after crossing 75% of the interaction region when the HEM is turned off. The electrons in phase with the TM wave are decelerated, wheras those in antiphase are accelerated; nevertheless, the average energy is smaller, about 2.4, because part of it is transferred to the electromagnetic (EM) field. Note that the momentum spread at a given phase is virtually similar to that at the input, indicating that the beam is bunched at the frequency of the TM -mode. Fig. 6(c) and (d) show the phase-space distributions when the HEM -mode is turned on. Fig. 6(c) shows the phase-space versus , the phase of the particles relative to the TM -mode, for the same parameters as in the simulation in Fig. 6(b) . Clearly, the symmetric mode is not the only one that determines the dynamics of the particles. In fact, Fig. 6(d) , where the momentum of the th particle is plotted as a function of its phase relative to the asymmetric mode, reveals a much organized phase-space. In spite of the change in the phase-space distribution, the average energy is similar to that calculated with the asymmetric mode off, but the spread at a given phase is significantly higher. In other words, the asymmetric mode, via the transverse motion, enhances the energy spread of particles that have the same phase relative to the symmetric mode. Moreover, the transverse motion (and, in particular, the radial component) causes particles to be close to the wall where the local rf forces are typically higher; consequently, the momentum (and energy) spread is larger.
B. Bunched Beam
Efficiencies of 25%-30% for a traveling-wave amplifier driven by a uniform beam are typical but not sufficient. Efficiency as high as 70% and even higher may in principle be achieved if the system is driven by a modulated beam, and high-order modes do not play a significant role [29] . In what follows, we shall investigate the impact of the asymmetric mode on the efficiencies of the symmetric mode, when the system is modulated at the frequency of the TM -mode. In the results of the simulations that follow, the input power of the TM -mode is zero, and the interaction length is cm; all other parameters are as before. The first step is to check how the input power of the asymmetric mode affects the system's performance. Fig. 7(a) shows the effective radius of the beam for several initial HEM power levels at the input (0.5, 1.0, 1.5, 2.0, 2.5 MW); the TM -mode is generated by a modulated beam. We observe the monotonic increase of the beam radius along the interaction length up to the point where one particle hits the wall. The efficiency of the asymmetric mode is much lower than it is in the case of the uniform beam and it is higher as its initial power is larger- Fig. 7(b) . Note that the higher the initial power of the asymmetric mode, the earlier the particles hit the wall. In Fig. 7(c) and (d) , the effective radius of the beam and the coupling parameter are presented as function of the input power levels, where the guiding magnetic field is a parameter ( 0.3, 0.5, 0.7 ). Fig. 7(c) shows the squared value of the coupling parameter ( ) at versus the initial power of the HEM -mode. This quantity is almost linearly correlated to the HEM input power for a variety of guiding magnetic field values; the curve for virtually overlaps the data. In Fig. 7(d) , we show the expansion of beam's radius versus the initial power of the asymmetric mode for different values of at the same point. The expansion of the beam is directly correlated with the variation of the coupling parameter and related linearly to the input power levels. A best fit of these simulations provides the following relations between the radius of the envelope and the input power of the asymmetric mode (in megawatts):
According to these relations and assuming that the HEM power build-up is known, it is possible to estimate the location where electrons will hit the wall; again, we observe that by applying a stronger guiding magnetic field, we reduce the impact of the HEM -mode. Our next step is to examine the effect of the modulation on the performance of the system. The left frame of Fig. 8 illus- trates the TM efficiency for a different beam's modulations ( . In this simulation, the HEM power at the input is 0.5 MW and a guiding magnetic field of 0.5 is applied. It is a well-known fact that the efficiency associated with the symmetric mode is strongly dependent on the modulation of the beam at the corresponding frequency; this fact is also true in the presence of an asymmetric mode, as illustrated in Fig. 8(a) , where high efficiencies ( 70%) are achieved with a modulated beam ( ). The main problem with high-modulated beams is the strong effect of the HEM -mode. For example, in the absence of the HEM -mode, the TM efficiency is about 80%, but with the former present [ HEM MW], the simulation is terminated before reaching the end of the structure and the TM efficiency reaches only the 70% efficiency. The reduction in the symmetric mode efficiency may be more drastic because the HEM power may reach high levels, as we have already shown when investigating the build-up process. Moreover, the impact of the HEM -mode on the system's performance is directly correlated with the coupling parameter, and the latter is linearly correlated with phase-spread of the beam modulation, as illustrated in Fig. 8(b) .
The relation between both parameters is given by (27) where is expressed in degrees. From this last relation, it is obvious that any design has to be a tradeoff between two constraints; on the one hand, it is necessary to have small phasespread to achieve high efficiency for the TM , and on the other hand, increase the phase-spread to reduce the coupling to the asymmetric mode and avoid beam interception at the wall. For this reason, in the last part of this section, we shall examine ways for suppressing the HEM -mode.
The last parameter we investigate is the current. Changing the beam's current affects both the interaction coupling coefficients ( and ) given in (16) , and as a result, the entire dynamics of the system varies. Fig. 9 shows the sensitivity of the coupling parameter and the effective radius to the current variations at . Both parameters are almost linearly proportional to the beam's current. Clearly, the impact of the HEM on the dynamics of the system is strongly related to the beam's properties (current and modulation), and again, in any design, we have to compromise between the same two constraints mentioned above.
C. Asymmetric Mode Suppression
It is evident from the former results that the HEM -mode plays a destructive role during the interaction process. At best, it may prevent the system from reaching high efficiency, and at worst, it deflects the beam to the wall. In order to suppress the asymmetric mode, selective damping is required; by that, we mean that the damping mechanism is transparent to TM -mode [38] , [42] , [44] ; however, it affects dramatically the asymmetric mode. In order to envision the impact of such a mechanism on the interaction process, we may represent this mechanism by a damping parameter, , that in the absence of the beam causes a decay corresponding to of the asymmetric mode only. Consequently, in the amplitude equation of the HEM -mode, we may replace ; following the same approach as before, we find instead of (21) (28) This expression ignores the driving terms in (20) and is used to determine the eigenwavenumbers in a system with selective damping. The dashed lines in Fig. 2 illustrate the spatial growth per cell (in decibels) in the case of damping the HEM -mode corresponding to 1.7 dB per cell in the absence of the beam). Two facts are evident: first, the "HEM -like" mode is substantially suppressed, though not as we would expect from the cold attenuation; and second, the "TM -like" mode is almost independent of the , indicating that the "TM -like" is close to the pure TM -mode.
In Fig. 10 , we compare the performance of the system for different values of the suppression parameter (0.01, 0.05, 0.5, 1, 50, 500). In Fig. 10(a) , we show the coupling parameter variations for initial HEM power of 2 MW and guiding magnetic field of 0.5 ; this value is vanishingly small for , and it is well correlated with the envelope's radius variations shown in Fig. 10(b) . Clearly, for values of of 0.05 or smaller, the beam in our system does not diverge. Both modes efficiencies are shown in Fig. 10(c) . The HEM efficiency diminishes rapidly for small values of , whereas the interaction of the TM is very efficient, reaching the 68% level when the HEM is well suppressed; for all of the values of plotted here, the curves of the TM efficiencies overlap; however, for high values of , particles hit the wall; therefore, the system has to be shorter. Specifically, when , the TM efficiency reaches the 50% level before particles hit the wall, whereas for , it reaches the 68% level. The last graph shows the power associated with the HEM -mode. It is evident that the interaction of the HEM -mode with the electrons beam is not efficient at all for , and the damping along the structure is stronger than is the spatial growth associated with the interaction. This type of damping may be accomplished by a series choked-loaded [45] cavities. These have a high quality factor ( ) at the frequency that corresponds to the TM -mode and low otherwise. Alternative ways of suppression of HEM-modes were discussed in [24] , [25] , and [42] , and they include incoherence of the structure, namely, a structure that looks periodic to the symmetric mode but nonperiodic to the asymmetric one, differential extraction and absorption.
IV. SUMMARY AND CONCLUSION
A 3-D quasi-analytic model has been developed to investigate the impact of an asymmetric mode on the dynamics of an electrons beam injected into a traveling-wave amplifier. Based on this model, we were able to establish quantitative constraints to be imposed on the beam's properties and on the guiding magnetic field to obtain high TM efficiencies in spite of the presence of the HEM -mode. The asymmetric mode may grow from noise, and it may develop from slight asymmetry in the beam or its misalignment relative to the rf structure or the asymmetry associated with the input or output structure. The major drawback associated with its presence is its ability to enhance the beam blow-up in spite of the presence of a guiding magnetic field. Substantial reduction of the impact of the asymmetric mode is possible by selective and local damping. Specifically, here are the main conclusion of the present analysis:
• The coupling between symmetric and asymmetric mode is determined by one parameter , defined in (22); its value may vary from zero (no coupling) to unity in case of maximum coupling. If , the components of the asymmetric mode grow in space at the same rate as these of the symmetric mode.
• The effective radius of the beam ( ) is dramatically affected by the asymmetric mode when the former is not modulated. For example, in the case of a uniform beam, electrons hit the structure after 40% of the interaction region (12 cm), whereas in the case of a prebunched beam, electrons almost hit the wall only after 90% of the interaction region (2.6 cm); the length in both cases was chosen such that the TM -mode reaches saturation in the absence of the asymmetric mode. Note that the absolute interaction length is longer in the case of a uniform beam.
• The build-up of the asymmetric mode is controlled by the overall reflection coefficient (from both ends), its spatial growth-rate, and the local attenuation.
• In case of an initially uniform beam and for a given input power (in both modes), the normalized efficiency (25) grows with the increasing guiding magnetic field. The efficiency of the asymmetric mode may be substantially higher than that of the symmetric mode because the former's power at the input may be significantly larger than the later's. The coupling parameter is roughly linear with a guiding magnetic field. For a given guiding field, the beam radius increases linearly with the initial power of the asymmetric mode.
• In case of a bunched beam, the efficiency of the symmetric mode may be substantially larger than that of the asymmetric mode, the radius of the beam is proportional to the later's power, and the coupling parameter scales as the square root of this HEM power. This parameter is linear with the initial phase-spread of the bunch; it decreases as this phase-spread grows. Both the beam radius and the coupling parameter grow monotonically with the beam current. where is the normalized phase velocity, , and .
